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SiOxNyHz films were deposited from O2, N2, and SiH4 gas mixtures at room temperature using the
electron cyclotron resonance plasma method. The absolute concentrations of all the species present
in the films ~Si, O, N, and H! were measured with high precision by heavy-ion elastic recoil
detection analysis. The composition of the films was controlled over the whole composition range
by adjusting the precursor gases flow ratio during deposition. The relative incorporation of O and N
is determined by the ratioQ5f(O2)/f(SiH4) and the relative content of Si is determined byR
5@f(O2)1f(N2)#/f(SiH4) where f(SiH4), f(O2), and f(N2) are the SiH4, O2, and N2 gas
flows, respectively. The optical properties~infrared absorption and refractive index! and the density
of paramagnetic defects were analyzed in dependence on the film composition. Single-phase
homogeneous films were obtained at low SiH4 partial pressure during deposition; while those
samples deposited at high SiH4 partial pressure show evidence of separation of two phases. The
refractive index was controlled over the whole range between silicon nitride and silicon oxide, with
values slightly lower than in stoichiometric films due to the incorporation of H, which results in a
lower density of the films. The most important paramagnetic defects detected in the films were the
K center and theE8 center. Defects related to N were also detected in some samples. The total
density of defects in SiOxNyHz films was higher than in SiO2 and lower than in silicon nitride films.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1566476#
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I. INTRODUCTION

Silicon oxynitride is a very interesting material for th
microelectronics industry due to the possibility to obtain
termediate properties between silicon oxide and silicon
tride.

Silicon oxide is widely used as gate dielectric in meta
insulator–semiconductor devices and thin film transisto
However, the decrease of the oxide thickness as the sca
integration increases, results in too high tunnel currents
the diffusion of Boron or p-type dopants from the gate1,2

The incorporation of N to the oxide increases the dielec
permittivity, so that physically thicker films can be deposite
with the same equivalent oxide thickness, reducing the t
nel currents. Furthermore, the barrier properties against
fusion are improved, as well as the reliability of th
devices.1,3,4

Additionally, by an adequate control of the compositi
of silicon oxynitride, it is possible to obtain a lower mechan
cal stress than in silicon nitride, which is of great interest
its application as passivation dielectric in multilevel meta
zation processes.5
8930021-8979/2003/93(11)/8930/9/$20.00
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Finally, the possibility to control the refractive index be
tween the silicon nitride and silicon oxide values allows se
eral optical applications, such as graded index films or a
reflection coatings.6–8

Concerning the growth of silicon oxynitride films~in the
following SiOxNyHz), research is mainly focused on thos
techniques with a low thermal budget, according to the
quirements of ultralarge scale integration technology, such
rapid thermal processing4,9,10 or different Plasma Enhance
Deposition techniques.1,5,6,11–15Among these, the electron
cyclotron resonance plasma chemical vapor deposi
~ECR-PECVD! method shows several interesting advanta
in addition to the low temperature requirement. It does
require the presence of a cathode, which is specially imp
tant in processes using corrosive gases. Substrates are p
outside the plasma region, so that damage due to ion b
bardment is reduced. Finally, a very high activation of t
precursor gases is achieved, which allows the use of N2 in-
stead of NH3 as a source of N atoms, thus reducing t
incorporation of H to the films.

In this work the properties of SiOxNyHz thin films de-
posited by ECR-PECVD at room temperature are studied.
0 © 2003 American Institute of Physics
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 [This a
using a wide range of different gas flow ratios during dep
sition, samples of very different compositions and proper
were obtained. The combination of accurate composit
measurements by heavy-ion elastic recoil detection ana
~HI-ERDA!, with techniques for optical and structural cha
acterization, such as Fourier transform infrared~FTIR! spec-
troscopy, ellipsometry, and electron paramagnetic resona
~EPR!, has allowed a detailed study of the correlation b
tween deposition parameters, film composition, and the
tical and structural properties.

II. EXPERIMENT

The films were deposited using a commercial ECR re
tor ~Astex AX4500! attached to a stainless steel deposit
chamber. O2, N2 ~which are fed directly into the plasm
chamber! and SiH4 ~which is introduced into the depositio
chamber by means of a dispersal ring! were used as precur
sor gases. The flow was controlled by mass flow controll
More details on the deposition system are given elsewhe16

In all depositions the total gas flow, pressure and mic
wave power were kept constant at 10.5 sccm, 931024 mbar,
and 100 W, respectively. The substrates were not intent
ally heated and the deposition temperature was about 50

Samples of different compositions were obtained
changing the flow ratio of the precursor gases. To charac
ize the deposition process the parametersR5@f(O2)
1f(N2)#/f()SiH4) and Q5f(O2)/f(SiH4) were used,
wheref(SiH4),f(O2), andf(N2) are the SiH4, O2, and N2

gas flows, respectively. As the total flow is constant, the
rameterR determines the SiH4 partial pressure during depo
sition, with the highest SiH4 pressure for the lowest value o
R. The parameterQ controls the relative flow of O2 and N2

for a given value ofR. Table I summarizes the gas flows us
for the different sample series deposited in this work. Alo
the article, samples will be named according to the value
the parametersR andQ used during deposition~for instance,
sample R1.6Q0.80 means that it has been depositedR
51.6 andQ50.80!.

The samples were deposited on high resistivity~80
V cm! p-type Si~111! substrates. The substrates were clea
using standard procedures.17 The thickness of the films wa
about 300 nm.

The composition of the samples of series R1.6 and R
~see Table I! was measured with the HI-ERDA techniqu
using 150 MeV86Kr1 ions. The identification of the specie
present in the film was performed using the time of flig
technique. This technique allows the determination of

TABLE I. Precursor gas flow ratios for the different samples.R5@f(O2)
1f(N2)#/f(SiH4) andQ5f(O2)/f(SiH4). Total gas flow was set at 10.5
sccm.

Sample series R Q

R0.88 0.88 0.13–0.79
R1.6 1.6 0–1.6
R5.0 5.0 0–5.0
R9.1 9.1 0–4.5
Q0.8 0.88–10.7 0.8
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

147.96.14.15 On: Wed, 1
-
s
n
is

ce
-
p-

-

s.
.
-

n-
C.
y
r-

-

g
of

d

.0

t
e

absolute concentrations of all the species present in
SiOxNyHz films, including H, without need of any referenc
sample, with a very high sensitivity~0.01 at. %! and preci-
sion~about 3%!. Details on the HI-ERDA setup and the me
surements are given elsewhere.18,19

The bonding structure of the films was investigated
FTIR spectroscopy. A Nicolet 5PC spectrometer operating
normal incidence and transmission mode was used for
measurements. Additionally, the bonded H content w
evaluated from the Si–H and N–H stretching bands us
the calibration factors calculated by Lanford and Rand.20

The thickness of the films and the refractive index at
He–Ne laser wavelength~632.8 nm! were measured by el
lipsometry, using a Plasmos E2302 ellipsometer with in
dence and detection angles both set at 70°.

Finally, the density of paramagnetic defects was de
mined by EPR measurements, using a Bruker ESP 300X
band spectrometer. The microwave power was set at 0.5
to avoid saturation of the signal and the density of defe
was evaluated using a weak pitch standard. For these m
surements stacks of films deposited in the same process
total thickness between 1500 and 2500 nm were used.

III. RESULTS

A. Composition „HI-ERDA… measurements

As the main interest of SiOxNyHz is the control of its
properties between those of silicon nitride and oxide, it a
peared to be useful to deal with a parameter which co
serve as an indicator of how close the composition is
either silicon nitride or silicon oxide.

For stoichiometric silicon oxynitride films, SiOxNy ,
with no H content and only Si–O and Si–N bonds presen
the films, such a parameter~which we will call a! can be
defined as the ratio between the concentration of Si–O bo
and the total concentration of bonds:

a5
@Si–O#

@Si–O#1@Si–N#
5

2@O#

2@O#13@N#
5

2x

2x13y
~1!

where the coordination numbers of O and N have been ta
into account.

This parametera can be understood as the fraction
oxide present in the SiOxNy film, so thata50 corresponds to
SiN1.33, a51 to SiO2, anda50.5 is the exact middle com
position. The meaning ofa may be better understood if th
SiOxNy formula is written as~SiO2!a(SiN1.33)12a . Note that
writing the silicon oxynitride formula in this way does no
imply a separation of two phases in the films. This subj
will be discussed in the following section. Furthermore, th
parametera correlates with the relative concentration of th
SiOjN42 j tetrahedron units in the random bonding mod
~RBM!.21

For samples containing H, which deviate from the s
ichiometric composition, the parametera given by Eq.~1! is
not exactly the oxide fraction as explained above, and a
rection should be made. For instance, for samples wit
concentration of N–H bonds proportional to the N conte
i.e., @N–H#5XNH@N#, but no significant concentrations o
Si–Si or Si–H bonds, the oxide fraction would be given by22
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a85
@Si–O#

@Si–O#1@Si–N#
5

2x

2x1~32XNH!y
. ~2!

For low H content, the differences between the para
eter a @Eq. ~1!# and the corrected valuea8 @Eq. ~2!# are
almost negligible~below 3% for our samples!. So, to sim-
plify matters, the value of the parametera given by Eq.~1! is
used in the following to characterize the composition of o
films.

The control of the composition is realized by adjusti
the gas flow ratios during deposition. Figure 1 shows
measured composition parametera as a function of the gas
flow ratio Q5f(O2)/f(SiH4), for samples of series R1.
and R5.0, deposited at different SiH4 partial pressures. As
shown in the figure, the oxide fractiona is mainly deter-
mined by the parameterQ, regardless of the value ofR.

The measured concentrations~at. %! of each of the spe-
cies present in the SiOxNyHz films ~Si, O, N, and H! are
shown in Fig. 2 as a function of the composition parame
a, for samples of series R1.6 and R5.0. The expected c
centrations for stoichiometric SiOxNy ~with no H content and
only Si–O and Si–N bonds, so that the relation 2x13y54
is verified!11 are also shown as solid lines for compariso
While the obtained O content is essentially the same a
stoichiometric films, both the Si and N contents are sligh

FIG. 1. Composition parametera @Eq. ~1!# as a function of the deposition
gas flow ratioQ5f(O2)/f(SiH4) for series R1.6 and R5.0, deposited
different SiH4 partial pressures. Line is drawn as a guide to the eye.

FIG. 2. Atomic percentages of Si, O, N, and H, measured by HI-ERDA,
series R1.6 and R5.0 as a function of the composition parametera @Eq. ~1!#.
The calculated values for stoichiometric SiOxNy films are shown as solid
lines.
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lower, especially for compositions close to silicon nitrid
This result is related to the presence of H, which is higher
those compositions.

B. Ellipsometry measurements

Figure 3 shows the mass density~r! of the films, calcu-
lated from the HI-ERDA results and the thickness obtain
by ellipsometry, as a function of composition, for samples
series R1.6 and R5.0. The refractive index~n!, measured at
l5632.8 nm is also shown in Fig. 3. The density and refr
tive index values corresponding to stoichiometric H-fr
SiOxNy are plotted as solid lines for comparison. The
curves were calculated takingr52.2 g cm23 andn51.46 for
SiO2,

23 andr53.1 g cm23 andn52.05 for Si3N4,
23 and as-

suming a linear dependence on the parametera.
Both the density and the refractive index of the dep

ited samples are slightly lower than the expected for s
ichiometric films. According to the work of Sassellaet al.24

the refractive index in SiOxNyHz films is related to the mas
density, so that a decrease in the density results in a decr
of the refractive index. As shown in Fig. 2, the incorporati
of H results in lower concentrations of Si and N in o
samples than in stoichiometric ones, which in turn results
a lower density. We attribute the lower refractive index v
ues to this lower density of the films.

Deposition rate was also calculated from the measu
thickness. The deposition rate is mainly determined by
parameterR5@f(O2)1f(N2)#/f(SiH4),which controls the
SiH4 partial pressure. Figure 4 shows the deposition rate
samples of series Q0.8 as a function ofR. For R values up to
R51.5, high deposition rates~above 15 nm/min! are ob-
served. For greater values ofR(R.3) the deposition rate
significantly drops down.

C. FTIR spectroscopy measurements

1. Si–H and N –H stretching bands

The Si–H and N–H bond concentrations for samples
series Q0.8 are shown in Fig. 4, as a function of the para
eter R, together with the deposition rate. The bond conc
trations were evaluated from the Si–H and N–H stretch

r

FIG. 3. Refractive index~upper! and mass density of the films~lower! as a
function of the composition parametera for samples of series R1.6 an
R5.0. The solid lines correspond to the calculated values for stoichiom
SiOxNy films.
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absorption bands, using the calibration factors given by L
ford and Rand.20 For R values below 1, the Si–H concentra
tion is much higher than the N–H concentration, sugges
that these samples may be Si rich. On the other hand,
greater values ofR, the N–H concentration is higher, with
negligible Si–H concentration forR.3.

By the term ‘‘Si rich’’ we understand samples with
relative content of Si higher than in stoichiometric film
with respect to N and O~i.e., 2x13y,4). Still, the presence
of H may result in a lower total Si content than in stoichi
metric films, in a similar way as shown in Fig. 2.

In addition to the H concentration obtained from the a
of the absorption bands, the FTIR spectroscopy meas
ments provide useful information about the structure
bonds of the films. In particular, the Si–H stretching band
very sensitive to the chemical environment of the Si–
bond, so that as the electronegativity of the neighbor ato
increases, the band shifts to higher wave numbers.25–27

Figure 5 shows the absorption spectrum in the Si
stretching band range for several samples. The compos
for the sample deposited atR50.88 andQ50.49 is very
close to silicon nitride. A single band located aboutnSiH

52168 cm21 is observed. This value is intermediate b
tween the value for the (SiN2) – Si–H configuration (nSiH

52140 cm21)25,27 and the (N3) –Si–H configuration (nSiH

52200 cm21),25,27 which supports the conclusion that fo

FIG. 4. Si–H and N–H bond concentrations and deposition rate as a f
tion of the gas flow ratioR5@f(O2)1f(N2)#/f(SiH4) for series Q0.8.
Lines are drawn as a guide to the eye.

FIG. 5. Absorption spectrum~Si–H stretching band! for three representative
samples deposited atR,1.
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this low value ofR Si-rich films ~or films with an excess S
content with respect to stoichiometric samples! are obtained.

For R50.88 andQ50.8, an intermediate compositio
between nitride and oxide is obtained. For this sample t
peaks can be resolved, one located atnSiH52168 cm21,
characteristic of Si-rich silicon nitride, as explained abo
and the other located atnSiH52238 cm21, which is slightly
lower than the frequency corresponding to the (O3) –Si–H
configuration (nSiH52245– 2265 cm21)25–28 in SiO2. The
lower value observed in our work is attributed to contrib
tions of configurations in which O atoms are substituted
Si atoms, such as (SiO2) –Si–H (nSiH52180–2195
cm21).25–28

The behavior of the sample deposited atR50.97 and
Q50.8 is very similar to the previous one, although for th
sample the oxide peak slightly shifts to higher wave nu
bers, due to the lower Si content in this sample, and
nitride peak becomes less clear, probably also due to
lower Si concentration, so that the contribution
(SiN2) – Si–H groups is less significant and the wave num
of the band approaches 2200 cm21.

For samples deposited at higher values ofR, the Si–H
band shows essentially a single peak that shifts to hig
wave numbers as the composition changes from silicon
tride to silicon oxide, due to the higher electronegativity of
with respect to N.25 This behavior is shown in Fig. 6 for the
samples of series R1.6.

2. Si–OÕSi–N stretching band

We have studied the absorption spectrum of our dep
ited SiOxNyHz films as a function of the deposition param
eters. Figure 7 shows the IR spectra in the 400–1400 cm21

range for samples deposited atQ50.8 ~series Q0.8!, for
which intermediate compositions are obtained, as a func
of R.

For the lowest values ofR (R,1) two peaks are clearly
distinguished, one located at 872 cm21, close to the charac
teristic value for the Si–N stretching vibration in Si3N4 ~835
cm21), and the other at 1026 cm21, close to the value for the
Si–O stretching vibration in SiO2 ~1075 cm21).

c-

FIG. 6. Wave number of the Si–H stretching band as a function of
composition parametera, for samples of series R1.6. Line is drawn as
guide to the eye.
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For higher values ofR, the separation of the two peak
becomes gradually less pronounced, with a single peak b
observed forR.3.

Figure 8 shows the absorption spectra for samples
series R5.0,~deposited atR55.0!, for different values of the
parameterQ. As Q is increased~the composition change
from silicon nitride to oxide! the band continuously shift
from the characteristic nitride value to the oxide value.

For the samples showing a single Si–O/Si–N stretch
band, another important parameter is the full width at h
maximum~FWHM! of this band. This parameter is related
the structural order of the film and the dispersion of differe
chemical environments, with higher values of the FWH
indicating higher disorder and higher dispersion of differe
environments.29,30

Figure 9 shows the FWHM of the Si–O/Si–N stretchi
band for samples of series R1.6 and R5.0 as a function o
composition parametera. As composition changes from sili
con nitride to silicon oxide, the FWHM increases until reac
ing a maximum value for intermediate compositions, a
then decreases. The same behavior has been reporte
other authors.11,30 The maximum value of the FWHM is ob
tained for values ofa around 0.5, suggesting that the max
mum dispersion of different chemical environments cor
sponds to this composition.

FIG. 7. Absorption spectrum~Si–O/Si–N stretching band! for series Q0.8
for different values ofR.

FIG. 8. Absorption spectrum~Si–O/Si–N stretching band! for series R5.0
for different values ofQ.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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One of the most extended models to describe the bo
ing structure of the SiOxNyHz is the random bonding mode
~RBM! originally proposed by Philipp.31 According to this
model, the silicon oxynitride is formed by tetrahedral stru
tural units, with a Si atom at the center and different occ
pation of the vertices of the tetrahedron by N and O atom
The five fundamental tetrahedrons may be indexed accor
to the number of N or O atoms present: SiOjN42 j , with j5
0, 1, 2, 3, 4. Neglecting the presence of H, the probabilityPj

or relative concentration of each tetrahedron is given by21

Pj5~ j
4!a j~12a!42 j . ~3!

The dielectric function of the SiOxNy and, therefore, the
absorption coefficient can be obtained by combining the
electric function of each fundamental tetrahedron accord
to the effective medium theory.21 In addition, the presence o
bonded H or Si–Si bonds can be taken into account by
creasing the possible types of tetrahedrons, so that Si
N–H and Si–Si bonds are included.24,32

In order to study the dispersion of different chemic
environments, the probabilityPj calculated from equation
~3! for a values in the range from 0 to 0.5 is shown in Fi
10. ~Note that for a.0.5, the distribution of tetrahedron
would be equivalent to that for 12a, exchangingj 50 for
j 54 and j 51 for j 53). Although the shape of the Si–O
Si–N absorption band is not only determined by the relat

FIG. 9. FWHM of the Si–O/Si–N stretching band as a function of t
composition parametera for samples of series R1.6 and R5.0.

FIG. 10. ProbabilityPj of each tetrahedron of the type SiOjN42 j , accord-
ing to the RBM@Eq. ~3!#, for different values of the composition paramet
a. Lines are drawn as a guide to the eye.
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concentrations of the different tetrahedrons, but also by
oscillator strength and resonance width of the dielectric fu
tion of each tetrahedron,21 it is clear in Fig. 10 that the maxi
mum dispersion of different tetrahedrons is obtained for v
ues ofa around 0.5. The validity of the RBM for our film
will be discussed later.

D. EPR measurements

The density of defects with paramagnetic activity in t
films was studied by EPR. Figure 11 shows representa
EPR spectra for samples deposited at different gas flow
tios. The derivative spectrum is shown, and the resona
condition for the absorption is33

hn5gmBB, ~4!

wheren is the microwave frequency~n59.5 GHz!, mB is the
Bohr magnetron,B is the applied magnetic field, andg is the
spectroscopic splitting factor, characteristic of each defec

The composition of sample R5.0Q0.0 is essentially s
con nitride ~a50.05!. The EPR spectrum of this samp
shows a dominant feature with ag factor aroundg52.004.
This signal is attributed to theK center (N3wSi↑,g
52.0028)with possible contributions in which N atoms a
substituted by Si atoms, such as SiN2wSi↑, Si2NwSi↑, or
even Si3wSi↑. For these configurations the value ofg in-
creases from 2.0028 for N3wSi↑ to 2.0055 for Si3wSi↑.34

For silicon oxide,~sample R9.1Q4.5,a51.0!, the char-
acteristic signal of theE8 center (O3wSi↑,g52.0018) is
observed.35

For samples of intermediate composition, the behavio
different depending on the value of the gas flow ratioR. For
those samples deposited atR51.6, two signals can be dis
tinguished in the EPR spectrum; one close to the charac
istic g value of theK center and the other corresponding
the E8 center. On the other hand, for sample R5.0Q0.61~a
50.41!, deposited at a highR value, the EPR signal does no
split up and shows a single feature located atg52.004. This
signal is due to the Si dangling bond. The high observ
value of g suggests that the signal is mainly due to defe
similar to theK center, rather than defects with a configur
tion similar to that of theE8 center. A weak signal is also
observed aroundg52.023. This signal is very close to one

FIG. 11. EPR spectra of selected SiOxNyHz samples with different compo-
sition.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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the three characteristic lines of the N dangling bond defe
The most intense signal of this defect is located atg52.0055
and the third very weak line appears at lower values ofg.36

Therefore, the line observed atg52.023 in the spectrum o
Fig. 11 for sample R5.0Q0.61~a50.41! is tentatively attrib-
uted to the N dangling bond center, with the principal line
the defect masked in the dominant signal aroundg52.004.
The third line may be too weak to be distinguished fro
noise.

Finally, the EPR spectrum of sample R5.0Q1.43,
composition very close to silicon oxide~a50.94! shows
some interesting features. The intense signal appearin
g52.0008 is attributed to anE8-like center where an O atom
is substituted by a Si atom (SiO2wSi↑).37 Additionally, a
weak doublet with a separation of 22 G is observed. Sim
structures have been observed by other authors in sil
oxide films and attributed to defects related to N.38,39 In fact,
these defects show a spectrum with three lines, but in
samples the central line is masked by the intense signa
g52.0008. Since we have not detected this doublet in N-f
SiOx samples,40 we conclude that this 22 G doublet is relate
to the presence of N in the film. The defect may be in fact
N4

0 center, as explained by Stathiset al.38

Figure 12 shows the total concentration of paramagn
defects as a function of composition. The highest defect d
sity is obtained for silicon nitride films~a50!. For SiOxNyHz

films the defect density is lower than in nitride films an
remains roughly constant over the whole composition ran
For SiO2 samples~a51! the density of defects significantl
decreases with respect to SiOxNyHz films. While the incor-
poration of O to SiNyHz films seems to have a benefici
effect, the incorporation of N to the SiO2 results in a signifi-
cant increase of the density of defects. It must be no
however, that defects with no paramagnetic activity may a
be present in the films.

IV. DISCUSSION

A. Control of composition

According to the results shown in Figs. 1 and 2, it b
comes apparent that our ECR-PECVD process is capab
producing films with well controlled compositions over th
whole range between silicon nitride~a50! and silicon oxide
~a51!. It must also be noted that it has been possible

FIG. 12. Overall paramagnetic defect density as a function of the comp
tion parametera. Line is drawn as a guide to the eye.
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obtain compositions close to SiNyHz with relatively low
f(N2)/f(O2) ratios ~for instance, for the sample deposite
at R51.6 andQ50.21, the valuea50.12 is obtained with
f(N2) /f(O2)56.7). Keeping the flows of all the precurso
gases in the same order of magnitude makes the control m
reliable, enhancing the reproducibility of the deposition p
cess. This is possible due to the high activation efficiency
the ECR plasma, which allows an efficient activation of N2.

The control of the composition allows to control the r
fractive index between the silicon nitride value~n51.98 for
our samples! and the silicon oxide value~n51.46!, as shown
in Fig. 3. This is of special interest for optical application
such as graded index films or antireflection coatings.6–8

The composition parametera is mainly determined
by the O2 to SiH4 gas flow ratioQ5f(O2)/f(SiH4), regard-
less of the value of the parameterR5@f(O2)
1f(N2)#/f(SiH4), as evidenced by Fig. 1.

However, the parameterR has also a very important in
fluence on the properties of the deposited films. For SiNyHz

samples, deposited in the same reactor and under the
conditions,R determines the relative N and Si content.41 For
low values ofR ~high SiH4 partial pressure! Si-rich films are
obtained, while for high values ofR ~low SiH4 partial pres-
sure! N-rich films are obtained. Additionally, for Si-rich
films, the Si–H bond concentration is higher than the N
bond concentration, while the opposite result~@N–H#.@Si–
H#! is obtained for N-rich silicon nitride. For silicon oxid
(SiOx), the same behavior is observed.42 For low values of
R, suboxide films (x,2) are obtained, with a significan
concentration of Si–H bonds; while for high values ofR
stoichiometric SiO2 films are obtained.

The same trend is observed for the SiOxNyHz films ~see
Fig. 4!. For low values ofR (R,1) Si-rich films are ob-
tained, with higher concentrations of Si–H bonds than N
bonds. As the parameterR is increased, the N–H bond con
centration increases and the Si–H bond concentration
creases, becoming below detection limit forR.3.

These results can be explained by considering the
chanics of the deposition process. O–O, O–N, and N
bonds are not stable and it can be assumed that these b
are not present in the SiOxNyHz films.32 Keeping in mind
that each atom type comes from a single gas precurso~O
atoms from O2; N atoms from N2; and Si atoms from SiH4),
the possible mechanisms for the film to grow are the follo
ing: reaction of O2 and SiH4 to form Si–O bonds; reaction o
N2 and SiH4 to form Si–N and N–H bonds; and finally
reaction of SiH4 with itself to form Si–Si and Si–H bonds
Here the term ‘‘reaction’’ is not quite exact, as the deposit
process involves several intermediate steps; such as ac
tion of the precursor gases, transport of the activated spe
to the substrate and surface reactions to grow the film.

All of the three above mentioned principal reactio
chains are limited by the SiH4 partial pressure, so that the
are strongly competitive against each other. This resul
evidenced by the behavior of the deposition rate shown
Fig. 4, which is much higher for the higher SiH4 partial
pressures during the deposition~lower values ofR!.

For high values ofR ~low SiH4 partial pressure!, the
SiH4 is almost totally consumed in the reactions with N2 and
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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O2, so that the formation of Si–H bonds is negligible,
shown in Fig. 4. The formation of Si–Si bonds for these flo
ratios is also expected to be very low. On the other hand,
low values ofR there is excess of SiH4 during the process
that does not react with N2 and O2, and Si–H and Si–Si
bonds are formed so that Si-rich films are obtained. Th
conclusions are similar to those reported by Smith for c
ventional PECVD processes.43

Concerning the formation of Si–O and Si–N bonds,
O2 is much more reactive that N2, the formation of Si–O
bonds is predominant over the formation of Si–N bonds. F
high values of the O2 to SiH4 ratio ~parameterQ!, almost all
the SiH4 reacts with O2 and no significant amount of Si–N
bonds is formed, so that oxide composition samples are
tained witha51, as shown in Fig. 1. Si–N bonds are on
formed when the parameterQ is low enough to provide ex-
cess SiH4 which can react with N2. As the parameterQ is
decreased, the formation of Si–N bonds is enhanced w
respect to the formation of Si–O bonds and the composi
approaches silicon nitride~i.e., a approaches zero!.

For a given value of the parameterQ, a change inR may
have a slight influence in the relative concentration of Si
and Si–N bonds, as the N2 to SiH4 ratio would be affected.
However, as shown in Fig. 1, it is the parameterQ which
essentially determines the oxide fraction~parametera! of the
deposited films.

B. Structure of bonds

The structure of bonds of SiOxNyHz has been exten
sively discussed in the literature. Either the absorption co
ficient or the imaginary part of the dielectric function may
studied for this analysis, as both magnitudes show chara
istic bands of the specific molecular groups present in
material.

The most intense absorption signal in the SiOxNyHz sys-
tem corresponds to the Si–O and Si–N stretching osc
tions. For SiO2 the Si–O stretching band has a characteris
wave numbernSiO51075 cm21,44 while for Si3N4 the Si–N
stretching band is located atnSiN5835 cm21.21

For SiOxNyHz films, many authors find a dominan
absorption band, with a single maximum located at int
mediate frequencies between those of SiO2 and
Si3N4.

1,11–13,30,45,46This behavior is characteristic of single
phase homogeneous SiOxNyHz and its bonding structure is
well described by the RBM previously explained@see
Eq. ~3!#.

However, some authors find that the Si–O and Si
stretching bands can be clearly distinguished in he abs
tion spectrum.27,47This is a strong indication that the RBM i
not applicable and that the SiOxNyHz film is rather a mixture
of two separate phases.

As shown in Fig. 7, the structure of bonds of o
SiOxNyHz films is strongly dependent on the deposition p
rameterR. For R,1 the presence of two clearly distinc
peaks~located at 872 and 1026 cm21) indicates that in these
samples separation of two phases occur. However, as t
peaks are slightly shifted with respect to the characteri
frequencies of the Si–N and Si–O stretching oscillations
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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Si3N4 and SiO2 (nSiN5835 cm21 andnSiO51075 cm21, re-
spectively!, it is suggested that some tetrahedrons of the t
SiOjN42 j involving both N and O atoms may also b
present. The behavior of the Si–H stretching band, with t
distinct peaks forR,1 ~Fig. 5!, is consistent with the con
clusions derived from the Si–O/Si–N band.

It is suggested that the separation of two phases
served in these films is related to the comparatively h
relative Si content corresponding to the low values ofR dur-
ing deposition. This proposal is consistent with the results
Croset al.,27 who found similar spectra in Si-rich films.

As the parameterR is increased, the separation of tw
phases becomes less clear. ForR51.3 still two bands can be
distinguished, but the Si–O peak appears at lower w
numbers~1011 cm21) and the Si–N peak looks like a shou
der in the band rather than like an independent peak. In th
samples there is still a significant separation of phases,
the amount of intermediate SiOjN42 j tetrahedrons~j51,2,3!
is higher.

For R51.6 there is a single maximum located at 9
cm21 which can no longer be attributed just to the Si–
vibration, but rather to the combined contribution of differe
SiOjN42 j tetrahedrons. Still, a shoulder in the band at
wave number corresponding to the Si–N vibration is o
lined, suggesting a certain degree of separation of
phases. This conclusion is supported by the EPR spe
shown in Fig. 11, in which two different signals, one cha
acteristic of SiNyHz ~K center!, and the other characteristic o
SiO2 (E8 center! are observed. For this value ofR, a single
peak which shifts to higher wave numbers as the comp
tion parametera increases was appreciated in the Si–
stretching band~Fig. 6!. It must be taken into account tha
the EPR technique is much more sensitive than FTIR sp
troscopy. Furthermore, the Si–H concentration for samp
of series R1.6 is relatively low, so that the Si–H stretch
band is weak and it is difficult to resolve its fine structure
is concluded that forR51.6 near single-phase films are o
tained, with a certain degree of separation of two phases

For higher values ofR (R.3), the trend goes on, with
the shoulder becoming less clear so that the samples
cally can be regarded as single phase. This conclusio
supported by the behavior of the band shown in Fig. 8 for
samples deposited atR55.0: a continuous shift from the
characteristic wave number of SiNyHz to that of SiO2, as
composition is changed. Also, the EPR spectra forR55.0
shows a single feature.

Additionally, for the single-phase samples, the maxim
value of the FWHM of the Si–O/Si–N band was obtain
for the exact middle compositiona50.5 ~Fig. 9!. This is
precisely the composition for which the maximum dispers
of different chemical environments is predicted by the RB
~Fig. 10!. So, the results obtained are well in accordance w
the RBM.

V. CONCLUSIONS

SiOxNyHz films were deposited at room temperatu
from O2,N2, and SiH4 gas mixtures. The correlation betwee
the optical and structural properties, the composition and
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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deposition parameters was studied. A sensitive and comp
tively accurate measurement of the absolute concentratio
all involved film components~including hydrogen! was per-
formed by HI-ERDA. By an adequate control of the precu
sor gas flow ratios, samples with compositions covering
whole range between silicon nitride and silicon oxide we
obtained. The incorporation of H in the films results in low
concentrations of Si and N than in stoichiometric films, e
pecially for compositions close to silicon nitride, in whic
the H content is higher.

As O2 is much more reactive than N2, the relative incor-
poration of O and N in the films is essentially determined
the parameterQ5f(O2)/f(SiH4), while the SiH4 partial
pressure during deposition,R5@f(O2)1f(N2)#/f(SiH4),
determines the relative content of Si in the films.

For samples deposited at high SiH4 partial pressures
~low values ofR!, evidence of separation of two phases
observed, as the Si–N and Si–O stretching bands can
clearly distinguished. Additionally, the Si–H stretching ba
shows separate peaks for the (N3) – SiH/~SiN2) – Si–H and
the (O3) – Si–H/~SiO2!–SiH configurations. Also, the signal
due to theK andE8 centers are separated in the EPR sp
trum.

On the other hand, for samples deposited at low S4

partial pressures, a single Si–O/Si–N stretching band
shifts from the wave number of silicon nitride to the value
silicon oxide as the composition changes is observed. Sim
results are observed for the Si–H band. This behavior,
gether with a maximum value of the FWHM of the Si–O
Si–N stretching band for middle compositions is charact
istic of single-phase homogeneous samples, with a struc
of bonds in agreement with the RBM.

It was possible to control the refractive index value ov
the whole range between silicon nitride and silicon oxid
The obtained values are slightly lower than in stoichiome
films as the incorporation of H results in a lower film densi

The most important defect types observed in the E
spectrum were the Si dangling bonds: theK center and the
E8 center, with some variants. Defects directly related to
presence of N were also observed. The overall defect den
was highest for silicon nitride films and remained rough
constant over the whole composition range of SiOxNyHz

films. For SiO2 the density of defects is significantly lowe
than in the SiOxNyHz films.

All these findings show that the ECR–PECVD techniq
is well studied to produce SiOxNyHz films at room tempera-
ture, with specific and reproducible properties to be fitted
different applications in the microelectronics industry.
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